ABSTRACT: The introduction of market forces into higher education (i.e. marketization) in recent decades goes along with a sharp decline in tenured positions offered, accompanied by polemic voices against tenure. The main claim, that tenure reduces the productivity of senior faculty, has not been thoroughly tested, with existing scarce evidence being controversial. We tested this hypothesis by analyzing the number of publications of 2136 currently full professors of natural sciences, drawn from 123 universities distributed in 15 countries, during the period 1996 to 2014. Our results showed that long-term productivity of full professors increased, irrespectively of subject field, geographic area, and university rank. This suggests that tenure does not lead to motivation loss and academic deadwood. Our results have policy, academic, and ethical implications related to human resource management, academic freedom, and educational quality, and tenure polemicists should find an argument other than lowered post-tenure productivity to support their stand.
INTRODUCTION
Globally, education is the largest market after healthcare, with a total expenditure in 2012 of over US$ 4 trillion and forecasted expenditure for 2017 of over US$ 6 trillion (GSV Advisors 2012 , BIS 2013 . This and the sharply increasing rise in international students, who numbered over 4.2 million in 2010 (Robinson 2014) , have greatly contributed to the marketization of higher education during the last couple of decades in several countries (Amsler 2014 , Lynch 2014 . Marketization has been hypothesized to drive the strong decline in the number of tenured positions in the last decades, e.g. in the USA, UK, and Germany (Karran 2007 , Kaplan 2010 . This situation might have fueled the debate on tenure, which is as old as tenure itself (Holley 1977) and attracts the media (Pager 2013) , as suggested by the recent appearance of strong, often polemic, voices against it (e.g. Kaplan 2010 , Riley 2012 , Wetherbe 2012 , Bruni 2014 , Peterson 2014 . Undoubtedly, a change in tenure policy requires one or more arguments, as Allen (2000, p 99) implied when mentioning that '[c] ritics have long assailed tenure with little more than bogus arguments and specious evidence.' One such argument against tenure, easily accepted by the public, is that tenure causes low productivity (Allen 2000 , Antony & Hayden 2009 , Kaplan 2010 ). This is well described by Kaplan (2010, p 124) : 'Critics of tenure in the United States and Europe say that it … allows senior faculty members to become unproductive and complacent.' Yet, this belief has not been confirmed (Allen 2000) , and the slight evidence from the 'tenure literature' either supports (Katz 1973 , Holley 1977 , Levin & Stephan 1991 , Hammermesh 1994 , Harrison 2006 , Leung 2009 , Estes & Polnick 2012 or rejects it (Bonzi 1992 ).
Herein we tested the hypothesis that tenure leads to reduced long-term productivity of senior faculty members (full professors) in the natural sciences by analyzing their annual number of publications, typically considered to reflect academic productivity Contribution to the Theme Section 'Academic freedom and tenure' OPEN PEN ACCESS CCESS (Petersen et al. 2010) , during the period 1996 to 2014. We considered that if there was an increasing trend in the annual number of publications, irrespective of when tenure was granted, the hypothesis that tenure reduces productivity can be rejected.
MATERIALS AND METHODS
We studied trends in the publication records of full professors (i.e. those listed as 'full professors' on the web pages of their departments) because they, as opposed to associate and assistant professors, do not have to undergo any further institutional evaluation for promotion. The studied sample was drawn from 123 universities in 15 countries (i.e. Australia, Canada, Denmark, Finland, France, Germany, Greece, Italy, Netherlands, New Zealand, Norway, Poland, Spain, UK, USA) within 3 large geographical regions (North America, Europe, and Oceania). We restricted our analysis to natural sciences and used all subject fields of natural sciences included in the worldwide university rankings of the Quacquarelli Symonds (QS) company (www. topuniversities. com/ subject-rankings/ 2015): biological sciences, chemistry, geography & area studies, mathematics, and physics & astronomy. We selected the universities randomly from the rankings per subject field lists provided by QS in order to achieve a broad representation from high, middle, and lower ranked universities (see Appendix 1) and thus to exclude any bias related to university quality (Neumann 1979) . In the case of the lower ranked universities (i.e. with ranks from 175 to 200), for the 5 studied subject fields, when the selected universities did not provide the rank of their faculty members (i.e. full professor, associate professor, assistant professor, or lecturer) on their web pages, we had to randomly select universities outside of the QS subject field list. These universities were classified as rank > 200. Subsequently, 2136 full professors were randomly drawn from the selected universities, and their publication records were downloaded from Elsevier's Scopus database (www. scopus. com/).
We selected the Scopus database mainly because its available tools make the downloading of the annual publication records for each author very practical. Although the number of publications provided by Scopus extends in some cases back to 1950, we used data from 1996 to 2014 because Scopus citation tracking is only available for publications from 1996 to present (Burnham 2006) , and coverage for several fields (e.g. mathematics, social sciences) before 1996 is considered weak (Bosman et al. 2006 ).
To study the productivity of tenured professors, we tested for a significant increasing trend in the number of publications over time. We considered that if the annual number of publications exhibited an increasing trend during 1996 to 2014, irrespective of when tenure was granted during this period, the hypothesis that tenure reduces productivity can be rejected. Initially, 3 different models (linear, power, and exponential) were fitted to the publications of each professor with time and the best fit was judged in terms of model fit significance and the value of the coefficient of determination (r 2 ). Additionally, the visual inspection of residuals was used to verify the suitability of the best fit selected in each case. Subsequently, for the exploration of general trends, we calculated the mean number of publications per year (and their associated standard errors) for: (1) the pooled data (i.e. irrespectively of scientific field and geographic area), (2) for each geographic area (i.e. North America, Europe, and Oceania), and (3) for each subject field. We then fitted a regression to the mean number of publications vs. years.
RESULTS
On an individual basis, we found a significant positive trend (either linear, or power or exponential) in the number of publications yr −1 for 885 (41.43%) out of the 2136 professors analyzed (Table  1) . For the remaining 1251 (58.57%) professors, there was no significant (p > 0.05) positive or negative trend. Yet, for 771 professors, out of the 1251 with no significant positive or negative trend, the linear slope was positive, and for 480 professors it was negative.
Our results clearly showed that across geographical areas, subject fields, and university ranks (QS worldwide university ranking system), the mean annual number of publications per professor increased significantly over time, with rates of increase varying with area and discipline (see Figs. 1−3) . Overall, across all subject fields, the mean number of publications per year almost doubled between 1996 and 2014, increasing from 3.01 ± 0.09 (mean ± SE) in 1996 to 5.63 ± 0.19 in 2014 (Fig. 1A) . Similarly, the mean number of publications per year almost doubled during 1996 to 2014 for all 3 geographic regions examined, increasing from 3.28 ± 0.14 to 5.42 ± 0.27 for North America (Fig. 1B) , from 2.63 ± 0.12 to 5.74 ± 0.27 for Europe (Fig. 1C) , and from 3.67 ± 0.44 to 7.85 ± 0.58 for Oceania (Fig. 1D) . The rate of increase was lower in North America (0.164) and higher in Oceania (0.243; Fig. 1B,D) . The mean number of publications also almost doubled during 1996 to 2014 for all 5 disciplines; it increased from 2.68 ± 0.11 to 4.76 ± 0.16 for biological sciences ( Fig. 2A) , from 4.86 ± 0.32 to 7.81 ± 0.42 for chemistry (Fig. 2B) , from 1.51 ± 0.13 to 3.19 ± 0.22 for geography & area studies (Fig. 2C) , from 1.55 ± 0.10 to 2.75 ± 0.19 for mathematics (Fig. 2D) , and from 4.86 ± 0.32 to 10.94 ± 0.95 for physics & astronomy (Fig. 2E) . The slope was shallower for mathematics (0.084) and steeper for physics & astronomy (0.462; Fig. 2D,E) . The large increase in the average number of articles observed in 2012 in the field of physics & astronomy can be attributed to the numerous publications that Conseil Européenne pour la Recherche Nucléaire (CERN) experiments produced (http:// library. web. cern. ch/ annual/list-cern-publications-2012). It is noteworthy that in the examined dataset, 14 pro fessors of physics & astronomy had published over 100 journal articles in 2012, whereas only 3 of them passed the 100-article threshold in 2013, leading to a drop in the average number of papers in the field in 2013.
The mean number of publications also significantly increased for universities of different ranks; it increased from 3.19 ± 0.17 to 6.18 ± 0.28 for the QS 1−50 class (i.e. universities ranked at positions 1 to 50) (Fig. 3A) , from 2.98 ± 0.19 to 5.37 ± 0.41 for the QS 51−100 class (Fig. 3B) , from 2.77 ± 0.18 to 5.00 ± 0.36 for the QS 101−150 class (Fig. 3C) , from 2.98 ± 0.21 to 5.94 ± 0.57 for the QS 151−200 class (Fig. 3D) , and from 2.73 ± 0.22 to 4.21 ± 0.48 for the QS > 200 class (Fig. 3E) 
DISCUSSION
The debate of how tenure affects faculty productivity is as old as tenure itself (Holley 1977) and has been at the heart of the tenure debate (Faria & McAdam 2014 ; see also Allen 2000 for other aspects of the debate). Although tenure has different forms in different countries, the common denominator is the long-term job security for academics (Karran 2007) . The reasoning behind the belief that productivity declines, or even vanishes, after tenure (Henry 1980 , Finkelstein & Schuster 2001 ) is that academics, once tenured, lose motivation for publications and research because of the long-term job security (Bess 1998 , Estes & Polnick 2012 . Supporting evidence comes from physics and earth sciences (Levin & Stephan 1991) , sociology (Holley 1977) , economics (Hammermesh 1994 , Leung 2009 ), law (Harrison 2006) , and education (Estes & Polnick 2012) . Nevertheless, an analysis of data on faculty from economics, electrical engineering, English, French, history, mathematics, physics, political science, psychology, sociology, and zoology showed that publication records of tenured faculty only decline temporarily, right after tenure is granted (Katz 1973) .
Our results reject the hypothesis that tenure leads to lower long-term productivity, at least in natural sciences. This agrees with other studies, which however are limited in number and in terms of sample size (science, humanities, social sciences: Bonzi 1992). The observed increase in productivity (Figs. 1−3, Table 1 ) could be attributed to the synergistic action of different factors. Firstly, motivation and competition (Allen 2000), as well as building of reputation (Rees & Smith 1991 ) that attracts students and thus leads to increased lab sizes, lobbying (Bauer 2004) , and the wish to increase their influence over other faculty members, over time all drive tenured professors to be productive. Additionally, research and publication habits of tenure-track faculty persist after tenure (Faria & Monteiro 2008) , a fact explaining why early-career productivity is often used to predict overall productivity (Bonzi 1992 , Laurance et al. 2013 . Finally, job satisfaction (Pain 2015), resulting not only from job security but also from other benefits associated with tenure, e.g. lab facilities, creates the necessary landscape for productivity and innovation. All the above support the findings of studies showing that tenured faculty are more productive than non-tenured (physical therapy: Our results have ethical, policy, and academic implications. Undoubtedly, tenure is relatively expensive. For instance, tenured full professors in the US have an average salary ranging from US$ 90 300 to 198 400 ) as opposed to average salaries from US$ 63 993 to 99 781 for non-tenured full teaching professors and from US$ 80 365 to 116 555 for non-tenured full research professors (CUPA-HR 2013) . Thus, within the neo-liberal landscape of the marketization of education (e.g. Lynch 2014), replacing tenured faculty with non-tenured would reduce staff costs for universities and provide administrative flexibility. Under such a scenario, the argument that tenure leads to poor productivity (and poor teaching performance, which is also used as an argument against tenure, e.g. Riley 2012) provide an excellent alibi for lowering the tenured:non-tenured faculty ratio. Our results demonstrate that tenure is not associated with academic deadwood, at least regarding publications in natural sciences. Ethics-wise, those writing against tenure should find a better argument, other than lowered post-tenure productivity, to oppose it. One might further hypothesize that teaching performance will improve for tenured faculty, due to their accumulated teaching experience and the dissemination of the new knowledge produced by them (Figs.  1−3) . Although teaching hours and service to students are increased for tenured compared to non-tenured faculty (Antony & Hayden 2009), the effect of tenure on teaching performance remains to be proven quantitatively (notwithstanding the fact that teaching performance is very hard to quantify, e.g. Stergiou & Lessenich 2014 , Stratilatis 2014 .
Policy-wise, instead of lowering the budget allocated to tenured faculty, university administrations could alternatively employ more flexible human resource management strategies, e.g. assigning more administrative and teaching duties to underperforming tenured professors (Harrison 2006) , forcing their transformation from academic deadwood to academic driftwood. This, along with the establishment of rewards and incentives for improved performance, will most likely prevent marginalization of the underperforming tenured faculty (Ayres et al. 2003) . This reshuffling of duties is in agreement with the fact that, in general, time allocated to teaching, research, administration, service to society (Antony & Hayden 2009), editorial work, and consulting changes during the career of faculty members. Moreover, under a global labor perspective, decreasing the number of tenured positions is also against the latest proposals of the International Labour Organization on increasing permanent positions worldwide (ILO 2015).
As our study shows, tenure is not a barrier to academic productivity. As other authors have shown, it is also not an enemy of higher education (Anonymous 1997 , Allen 2000 but an aid in the search for truth, creative stability (Allen 2000), and academic novelty and excellence, leading to a high value-added outcome (Horn 2009 , Pain 2015 . Most importantly, tenure helps to ensure academic freedom, the backbone of the higher-education system (Nelson 2010 , Pauly 2015 . Tenure will continue to be a guarantee of the above-mentioned values, because '[i]mperfect as it is, unfair as it may to some seem to be, tenure in its present form serves the long-term interests of universities and society better than any alternative that has been proposed' (Horn 2009, p. 9) .
